We tested the hypothesis that exposure of glut3 +/2 mice to a ketogenic diet ameliorates autism-like features, which include aberrant behavior and electrographic seizures. We first investigated the life course sex-specific changes in basal plasma-cerebrospinal fluid (CSF)-brain metabolic profile, brain glucose transport/uptake, glucose and monocarboxylate transporter proteins, and adenosine triphosphate (ATP) in the presence or absence of systemic insulin administration. Glut3 +/2 male but not female mice (5 months of age) displayed reduced CSF glucose/lactate concentrations with no change in brain Glut1, Mct2, glucose uptake or ATP. Exogenous insulin-induced hypoglycemia increased brain glucose uptake in glut3 +/2 males alone. Higher plasma-CSF ketones (b-hydroxybutyrate) and lower brain Glut3 in females vs males proved protective in the former while enhancing vulnerability in the latter. As a consequence, increased synaptic proteins (neuroligin4 and SAPAP1) with spontaneous excitatory postsynaptic activity subsequently reduced hippocampal glucose content and increased brain amyloid b1-40 deposition in an age-dependent manner in glut3 +/2 males but not females (4 to 24 months of age). We then explored the protective effect of a ketogenic diet on ultrasonic vocalization, sociability, spatial learning and memory, and electroencephalogram seizures in male mice (7 days to 6 to 8 months of age) alone. A ketogenic diet partially restored sociability without affecting perturbed vocalization, spatial learning and memory, and reduced seizure events. We conclude that (1) sexspecific and age-dependent perturbations underlie the phenotype of glut3 +/2 mice, and (2) a ketogenic diet ameliorates seizures caused by increased cortical excitation and improves sociability, but fails to rescue vocalization and cognitive deficits in glut3 +/2 male mice. (Endocrinology 158: 936-949, 2017) 
astrocytes of the hypothalamus (4, 5) . More recently Glut6 has been observed to be intracellular in certain neural cells as well (6) , although the exact location remains unknown. However, the predominant isoform expressed uniformly by all neuronal cells is Glut3.
We previously determined the biological importance of Glut3 by deleting this gene. Although homozygous null mice suffered early embryonic demise (7), heterozygous null mice survived but developed seizures detected by electroencephalogram (EEG) (8) that converted to clinical seizures under hypoxic-ischemic conditions (9) . In addition, these mice exhibited reduced postnatal vocalization upon separation from mothers, perturbed sociability skills, repetitive movements, and aberrant spatial learning and memory reflective of altered cognition (8) . Despite these clinical features reminiscent of a neurodevelopmental disorder such as the autism spectrum disorder, there was no change in brain 2-deoxyglucose uptake, although an increase in brain lactate (Lac) uptake was evident in juveniles at 2 months of age (8) . This was related to a compensatory increase in the brain Glut1 and monocarboxylate transporter isoform 2 (Mct2) concentrations seen at this early age (8) .
Against the backdrop of our prior observations limited to 2 months of age with no sex-specific distinction, we questioned the underlying metabolic derangements encountered in glut3 +/2 mice at subsequent adult stages along the entire adult life course in a sex-specific manner.
To this end, we tested the hypotheses that glut3 +/2 genotype (1) expresses blood-cerebrospinal fluid (CSF)-brain metabolic changes (glucose, Lac, and/or ketones) responsible for the presenting phenotype at different stages in the adult (spanning 3 to 6 months of age) and during aging (8 to 24 months), and (2) these metabolic changes can be overcome by alternate energy substrates (e.g., ketogenic diet) that would ultimately rescue the clinical phenotype, namely perturbed neurobehavior and EEG seizures. We tested these hypotheses initially in males and females when establishing the baseline neurometabolic phenotype. Based on these results, we subsequently focused primarily on males for EEG, cortical synaptic activity, and neurobehavioral studies.
Materials and Methods

Animals
The glut3 (Slc2a3) heterozygous null and wild-type (WT) C57Bl/6 mice were housed in 12-hour light and 12-hour dark cycles and maintained in approved barrier facilities of mouse housing. All mouse studies were conducted as approved by the Animal Research Committee of the University of California, Los Angeles, in accordance with the guidelines established by the National Institutes of Health. Mice were euthanized by intraperitoneal phenobarbital (100 mg/kg) except as noted.
Experimental design consisting of studies performed in an agedependent and sex-specific manner (Supplemental Fig. 1 ).
Baseline adult investigations
Body weight, plasma, and CSF metabolites Body weight was assessed in 5-month-old male and female mice. CSF was obtained from the cisterna magna compartment in anesthetized mice (under inhalational isoflurane). Blood was obtained from the common carotid artery and the plasma was separated by centrifugation. Brains were collected following craniotomy and immediately snap-frozen in liquid nitrogen and powdered on dry ice. Glucose, Lac, and total ketone concentrations were measured by Liquid Glucose Measurement Set (Pointe Scientific, Lincoln Park, MI), Lactate Assay kit (BioVision, Mountain View, CA) and Autokit total ketone (Wako, Osaka, Japan), respectively, following the manufacturers' instructions. Brain adenosine triphosphate (ATP) was quantified by the ATP bioluminescence Assay kit HS II (Roche, Indianapolis, IN) following the manufacturer's instructions.
Tissue glucose transport and uptake
Positron emission tomographic assessment of brain glucose uptake. WT and glut3 +/2 mice (2.5 to 3 months old) were injected with ;25 mCi of 18 F-fluorodeoxyglucose (obtained from the University of California Los Angeles Department of Nuclear Medicine) into the tail vein while sedated under inhalational isoflurane. One hour later, the mice were imaged in a G4 positron emission tomography (PET)/X-ray scanner (Sofie Biosciences, Culver City, CA) for 10 minutes followed by a computed tomography scan performed on the CrumpCAT computed tomography scanner (10) . Images were visualized and quantified using Amide software (11) .
Radiotracer assessment of brain glucose transport/ uptake. Determination of glucose transport rate using 3-O-
Sigma, St. Louis, MO) and glucose uptake using deoxy-2-glucose ([ 14 C]-2DG; Perkin Elmer Life Science, Boston, MA) was accomplished by injecting the two tracers into the tail vein (2.5 mCi of each tracer/mouse) of 5-month-old male and female mice. The tissue to plasma concentration ratio was used as an index of tissue (3-O-([ 3 H]-methyl)-D-glucose and deoxy-2-glucose uptake from the blood and was expressed as glucose uptake rate in micromole/gram of tissue/min as previously described (9, 12) .
Insulin-induced hypoglycemia on brain 2-deoxyglucose uptake, glucose-6-phophate, and ATP content. Hypoglycemia was induced by injecting insulin intraperitoneally (Novolin-R; Novo Nordisk, Clayton, NC) at 1 to 2 U/kg that was targeted at decreasing plasma glucose to less than 80 to 90 mg/dL by 90 minutes in 5-to 6-month-old male and female mice. 2-deoxy-( 14 C)-glucose (1 mCi/g body weight) was administered intraperitoneally 45 minutes after the insulin injection. Mice were euthanized 90 minutes after administration of insulin. The whole brain (cerebrum, cerebellum) was harvested; one-half of the brain was quickly frozen in liquid nitrogen and powdered to assess radioactivity. Brain glucose uptake and glucose-6-phosphate concentrations were calculated and expressed in micromoles per gram of tissue per minute, as previously described (12) . The other half of brain was immediately processed for mitochondrial isolation (Mitochondrial Fraction kit; Active Motif, Carlsbad, CA). Mitochondrial ATP was measured using the ATP determination kit (Molecular Probes, Eugene, OR) in nanomole per microgram of protein.
Brain nutrient transporters
Brain Glut1, Glut3, and Mct2 were quantified at 5 months of age in both males and females by Western blot analysis, as previously described (8, 13) (antibodies used are depicted in Supplemental Table 2 ).
Synaptic studies
Synaptic molecular network expression studies. The synaptic molecules chosen for quantification were based on an established role for each of them in maintaining synaptic integrity, with mutations proving to be disruptive or increased expression of certain molecules observed in the human condition of autism spectrum disorders (14) . Cerebral cortex and hippocampus were microscopically dissected separately from whole brains of 4-to 5-month-old male mice and messenger RNAs (mRNAs) quantified, as previously described (15) , by using primer sets shown in Supplemental Table 1 .
Synaptic electrophysiology in cortical slices. Spontaneous excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs) were recorded in cortical pyramidal neurons (frontal cortex, layers II-III) in glut3 +/2 and WT male littermates at 2 (juveniles) and 12 months (aging) of age. Mice were deeply anesthetized with isoflurane and decapitated. Preparation of slices and whole-cell patch clamp recordings were obtained following standard procedures (16) . After basic membrane properties were measured, spontaneous EPSCs and IPSCs were recorded while holding the membrane potential at 270 and +10 mV, respectively, and in the presence of selective blockers. Frequency and amplitude of spontaneous events were measured using the MiniAnalysis program (Synaptosoft, Fort Lee, NJ) to construct amplitude frequency, cumulative frequency, and amplitude probability histograms.
Baseline aging investigations
Magnetic resonance spectroscopy in vivo studies
Studies were performed on a Bruker Biospin 7-Tesla 30-cm magnetic resonance imaging/magnetic resonance spectroscopy (MRS) system (Bruker Medizintechnik, Ettlingen, Germany). Levels of hippocampal glucose, Lac, g-aminobutyric acid (GABA), glutamate (Glu), glutamine, and N-acetyl aspartate were measured in vivo using MRS in 8-to 10-month-old male glut3 +/2 and WT mice. Localized water-suppressed single-voxel 1H MRS (echo time, 20 ms; repetition time, 2500 ms; spectral width, 4000 Hz; 1280 averages, 42 minutes' acquisition time) was performed using the point-resolved spectroscopy pulse sequence provided by the manufacturer. For each mouse, a 3 3 3 3 2-mm 3 voxel was located in the hippocampus based on anatomical landmarks using fast low angle shot imaging. Firstand second-order shim terms were automatically adjusted using FASTMAP. A nonwater-suppressed acquisition using eight averages was also acquired and used for absolute quantification. Spectral data were reconstructed with an in-house processing pipeline written in Interactive Data Language software (Harris Geospatial Solutions, Broomfield, CO). Frequency drift during the acquisition time was controlled by collecting the data in 13.5-minute blocks and automatically aligning and summing frequency spectra obtained during each block. The summed spectra were then transformed back to the time domain and analyzed with prior knowledge-based fitting software (LC Model Inc., Oakville, Ontario, Canada) that produced water-referenced measures of absolute brain metabolite concentration. Measurements with Cramer-Rao lower bound values lower than 20% were considered as reliable quantification and were included in the final analysis.
Brain amyloid b protein studies
Brain amyloid b protein concentrations. Powdered frozen male and female 8-and 24-month-old mouse brains were homogenized and the concentrations of Ab 1-40 and Ab 1-42 in protein extracts were quantified by an enzyme-linked immunosorbent assay kit (Wako, Osaka, Japan), as previously described (17) .
Brain amyloid b protein immunostaining. Brain sections were immunostained using a 1:500 dilution of antimouse anti-b-amyloid 1-40 (Covance, Berkeley, CA) and 1-42 (Millipore Corp, Billerica, MA) primary antibodies (Supplemental Table 2 ) in male wild-type and glut3 +/2 mice, as previously described (3, 18) .
Interventional investigation
Ketogenic diet
Male glut3
+/2 and WT mice were given either a ketogenic diet (protein, 24.8%; fat, 57.3%; fiber, 9.6%; carbohydrate, 0%; 5TJQ, Test Diet, Richmond, IN) or a regular chow diet (protein, 23.4%; fat, 4.5%; fiber, 5.3%; nitrogen-free extract, 49.9%; Omnitreat Tab, 20 mg; Test Diet) during 0 to 21 days of gestation (embryonic/fetal exposure), lactation (exposure in suckling phase, postnatal 1-21), and in the offspring postweaning into adult stages of life until tested. Mice on either a ketogenic or chow diet were both tested simultaneously. At postnatal 7, one set of mice were subjected to ultrasonic vocalization testing; this same set was subjected to sociability testing at 40 days of age. Another set of mice at 3 months of age underwent Morris water maze testing, and after a break of ;3 to 5 months, some of these same mice were monitored continuously for 24 hours (at 6 to 8 months of age) by video-EEG.
Neurobehavioral testing
Ultrasonic vocalization, sociability testing, and Morris water maze test were carried out in mice, as previously described (8, 17) .
Continuous EEG monitoring
Under isoflurane inhalational anesthesia, two leads of the EEG transmitter were implanted on the dura on each side of the frontoparietal cranium, and the frequency of EEG seizures and time spent with EEG evidence of seizures were analyzed, as previously described (8, 9) .
Data analyses
All data are expressed as mean 6 standard error of the mean. Student t test or Fisher exact test was used for body weight, serum and CSF metabolites, brain protein concentrations, glucose uptake, brain MRS, and seizure investigations. Student t test with Bonferroni correction when indicated or two-way repeated measures analysis of variance was used for neurobehavioral and electrophysiological investigations. When significant differences were seen (P , 0.05), Tukey post hoc analysis was performed to determine intergroup differences. In the case of nonparametric data related to synaptic molecules, Mann-Whitney rank sum test was used. Null hypothesis was rejected at P , 0.05. All statistical analyses were performed using Sigma Stat 3.5 software.
Results
Baseline phenotypic expression
Blood-CSF-brain metabolic profile
Baseline metabolic measurements. Body weight and plasma glucose were similar between WT and glut3 +/2 male mice at 5 months of age; however, CSF glucose, plasma Lac, and CSF Lac were significantly lower in glut3 and WT concentrations (Table 1) , the female WT plasma glucose concentrations were relatively lower (Table 1) . Comparison between male and female plasma and CSF b-HB concentrations in both genotypes revealed a 2.5-to 3.5-fold increase in females vs males (in both WT and glut3 +/2 plasma, P , 0.001; CSF in WT, P , 0.04; glut3
trending toward an increase but not significant, P = 0.15) ( Table 1 ).
Brain glucose transport/uptake. In 2.5-to 3-month-old male mice, no difference in brain 18 F-deoxyglucose uptake was observed between wt and glut3 +/2 genotypes when assessed by PET scanning [ Fig. 1 (a) and 1(b)]. Additionally, in both 5-month-old males and females, no difference in cerebral and cerebellar 3-OMG (transport) and 2-DG (uptake) was observed [ Fig. 1(c-f) ]. Similarly, in males the Glut3-expressing testis demonstrated no difference between the two genotypes, neither did any of the other male and female tissues that do not express substantial amounts of Glut3 (heart, kidney, skeletal muscle, lung, liver, and white fat) (data not shown).
Insulin-induced hypoglycemic measurements. We next perturbed the circulating blood glucose concentration to examine the effect on brain glucose uptake. Although male glut3 +/2 mice (5 to 6 months) displayed relatively higher baseline glucose concentrations, a greater insulin-induced decrease in glucose concentrations was noted vs the sexmatched WT mice, although not evident in the glucose area under the curve calculations. In contrast, no such difference between the genotypes was evident in female mice. Insulininduced hypoglycemia was associated with increased whole brain glucose uptake (cerebral and cerebellar) in male but not the female glut3 +/2 mice when compared with the sexmatched WT counterpart (P , 0.05). Glucose-6-phosphate concentrations followed the same pattern as seen with brain glucose uptake, demonstrating sex-specific differences between glut3 +/2 and WT genotypes. Whole-brain mitochondrial ATP concentration was not different between the insulin-induced hypoglycemic male and female WT and glut3 +/2 mice [ Fig. 2(a-e) ].
Brain glucose and monocarboxylate transporters. As expected, the glut3 +/2 male and female mice compared with the WT counterparts exhibited reduced brain Glut3 protein concentration (P , 0.05), with no compensatory increase in either brain Glut1 (both the 55-kDa endothelial cell and . Neuronal and glial cellspecific isolation studies were attempted but not successful because of contamination by the other cell type (Supplemental Fig. 2 ).
Neuronal/synaptic state
Given that metabolic changes were mainly seen in the males, the neuronal and synaptic studies were performed in male mice alone. Fig. 3(e) and 3(f) ]. These results suggest no synaptic molecular disruption despite a reduction in Glut3 protein, although the signaling process (SAPAP1 and NLGN4) may be perturbed to compensate for the relative lack of neuronal Glut3.
Cerebral cortical spontaneous synaptic activity. To understand the cause of heightened excitability and seizure susceptibility reported previously in glut3 +/2 mice (8), recordings of spontaneous synaptic activity from cortical pyramidal neurons were obtained in WT and glut3 +/2 male mice at 2 months (to match our previous study) (8) and 12 months (at a stage of aging) [ Fig. 4(a-c) ]. Cortical hyperexcitability occurs either from changes in intrinsic membrane properties or by reduced GABAergic inhibition, increased glutamatergic excitation, or a combination. Cell membrane capacitance, input resistance, and time constant were similar in pyramidal neurons from WT and glut3 +/2 mice at both ages. At 2 months, no difference in frequency or amplitude of spontaneous excitatory or inhibitory postsynaptic currents (EPSCs and IPSCs) was observed. In contrast, at 12 months, the frequency of spontaneous, Glu receptormediated EPSCs was increased [ Fig. 4(a) ]. Further, after blockade of GABA A receptors with bicuculline, synaptic EPSC bursts and epileptiform discharges occurred more often in glut3 +/2 mice (data not shown). The increase in frequency of spontaneous EPSCs persisted in the presence of tetrodotoxin (a sodium channel blocker) [ Fig. 4(b) ], suggesting presynaptic mechanisms. In addition, a small but substantial increase in the frequency of IPSCs also was observed in glut3 +/2 mice [ Fig. 4(c) ]. This suggests that increased seizure susceptibility cannot be explained by reduced inhibition, but rather by increased excitation.
Baseline aging investigations
In vivo brain MRS studies
The 8-to 10-month old glut3 +/2 male mice had lower hippocampal glucose content vs the WT counterpart +/2 mouse male cerebrum (c) and cerebellum (d) and female cerebrum (e) and cerebellum (f). *P , 0.05 vs WT. WT mice (male, n = 6; female, n = 6) and glut3 +/2 mice (male, n = 7; female, n = 7). Glut3-expressing testis (3-0-MG: glut3 +/2 = 0.3 6 0.03 vs WT = 0.4 6 0.08; 2-DG: glut3 +/2 = 0.4 6 0.03 vs WT = 0.5 6 0.07 mmol/g/min) also did not demonstrate a difference between the two genotypes.
(P , 0.05), whereas Lac, GABA, Glu, N-aspartic acid, and glutamine contents remained unchanged as measured in vivo by MRS (Table 2 ). 
Ketogenic dietary interventional investigations
Neurobehavioral testing
Because the neuronal/synaptic investigations were performed in males alone, the neurobehavioral testing was also undertaken in male mice only.
Ultrasonic vocalization test. As previously described (8), Glut3 heterozygous null mice reduced the rates of vocalization under baseline conditions when mothers were maintained on a regular chow diet. The introduction of a ketogenic diet to the mothers during embryonic/fetal and neonatal development of the offspring demonstrated a trend toward decreased vocalizations in WT mice by reducing duration spent in vocalizations per minute (P = 0.15) [ Fig. 6(a) ] and the vocalization events per minute [ Fig. 6(b) ]. In contrast, ketogenic diet had no effect on the rates of vocalization in glut3 +/2 mice in either duration (P . 0.05) or in the number of events per minute (P . 0.05) [ Fig. 6 (a) and 6(b)].
Sociability test. WT mice at baseline when maintained on a regular chow diet spent more time actively exploring the cage containing the conspecific than the empty cage; this pattern reversed in glut3 +/2 mice that spent more time exploring the empty cage than the cage containing the stimulus mouse [ Fig. 6(c) ]. Moreover, glut3 +/2 mice spent significantly less time exploring the conspecific than WT controls [ Fig. 6(d) ] and therefore lacked normal levels of social exploration. Further, these glut3 +/2 mice, when subjected to a social recognition test, spent less time with the unfamiliar than the familiar mouse, supporting diminished aptitude for social novelty [ Fig. 6(d) ]. These results demonstrate that glut3 +/2 mice develop abnormal social interaction, including diminished social approach behavior and a lack of preference for social novelty. Other factors such as locomotor activity, which could influence the transition between chambers, and olfactory Morris water maze test. Our previous investigations have shown that spatial cognition (learning and memory) was impaired in glut3 +/2 mice (8). To determine whether a ketogenic diet rescues the perturbed spatial cognition in glut3 +/2 mice, we compared spatial learning of both glut3 +/2 and WT mice maintained on regular chow and ketogenic diets using the hidden version of the Morris water maze. The WT mice crossed the exact target position more frequently than glut3 +/2 mice (P , 0.05) when maintained on a regular chow diet. In addition, WT mice demonstrated a closer proximity to the target (P , 0.05) and a greater percent time spent in target quadrant (P , 0.05) [ Fig. 6(e-g) ] than the glut3 +/2 counterpart. Introduction of a ketogenic diet improved spatial cognition in WT mice by demonstrating a higher number of target position crossing (P , 0.05), a closer proximity to the target (P , 0.05), and a greater percent time spent in target quadrant (P , 0.05). In contrast, the ketogenic diet failed to change the number of target crossings (P . 0.05), the proximity to the target (P . 0.05), and the percent of time spent in target quadrant (P . 0.05) in glut3 +/2 mice [ Fig. 6(e-g) ].
Continuous EEG monitoring Continuous EEG telemetry recording at baseline demonstrated increased frequency of electrographic seizures in glut3 +/2 male mice compared with age-matched WT mice maintained on a regular chow diet, as previously described, at an earlier age (8) 
Discussion
Although the phenotype of the glut3 +/2 heterozygous mice has been described previously by us and other groups (8, 9), here we have observed the neurometabolic phenotype to display age dependency and sex specificity through various phases of the life course.
Metabolic features
Male and not female glut3 +/2 adult mice expressed reduced CSF glucose with no perturbations in circulating glucose concentrations. This sex specificity exists despite a reduction in neuronal Glut3 in both males and females. However, a further ;25% reduction in female neuronal Glut3 concentrations was evident vs the respective male WT and glut3 +/2 mice, reflecting reduced neural glucose demand. In addition, a reduction in CSF and circulating Lac concentrations but not ketones is evident only in the male glut3
, reflecting increased Lac utilization (8) by brain cellular elements and thereby depleting systemic availability. The reason behind these sex-specific differences may also stem from female mice exhibiting 2.5-to 3.5-fold higher circulating and CSF ketones than males, which may protect the neuronal fuel supply toward maintaining normal ATP in glut3 +/2 female mice.
The metabolic features exhibited by the male glut3
mice reflect features of the human GLUT1 deficiency syndrome (G1DS) (19, 20) also reflected in glut1 +/2 mice (21), where no sex-specific differences were reported to date. Despite the metabolic changes seen in male glut3
mice, no differences were detected in baseline brain glucose transport or uptake between the genotypes or sexes, similar to our previous study (38) and those of others (6) . However, when we stressed the system by producing acute hypoglycemia, the male glut3 +/2 mice demonstrated a compensatory increase in brain glucose uptake, whereas females remained unchanged. The mechanism by which insulin-induced hypoglycemia was associated with enhanced brain glucose uptake in male glut3 +/2 mice alone remains unclear. Previously, insulin sensitivity of the brain was seen mainly in male adult rodents (22) (23) (24) and increased insulin receptors were evident only in the male postnatal brain (25) (26) (27) vs the age-matched female counterpart. However, glucose uptake by the whole brain is generally insulin-independent, thus stimulation of certain counterregulatory hormones in response to hypoglycemia may underlie the observed increase in brain glucose uptake (28) (29) (30) (31) . The glut3 +/2 females remaining unchanged perhaps was also related to the sufficient availability of ketones as an alternate fuel. Ultimately, no negative effect was realized on brain ATP concentrations from the compensatory changes and reliance on existing alternate fuels. However, our present results in male glut3 +/2 with insulin (which inhibits ketone production beyond baseline availability) are distinct from prior reports of no change in brain glucose uptake after starvation (over 48 hours)-induced hypoglycemia (which enhances production of ketones) in glut3 +/2 mice (6). Differences in our present study between glut3 +/2 males and females, and between our present insulin-induced hypoglycemia in glut3 +/2 males vs prior starvation-induced hypoglycemia in glut3 +/2 mice with no sex distinction, hint at alternate fuels, such as ketones, ameliorating some of the presenting features in male glut3 +/2 mice.
Because Glut3 deficiency is primarily limited to neurons, it is difficult to assess neuron-specific glucose transport in the midst of heterogeneity produced by various other cells of the intact brain. Indirect evidence, such as the diminution in CSF glucose concentrations despite normal plasma glucose concentrations in the male, attests to reduced neuronal transport. Redirection of enhanced glucose utilization by other nonneuronal cellular components of glut3 +/2 brains may be responsible for the lack of perturbed glucose uptake. Further, the concomitant reduction in CSF and plasma Lac may reflect enhanced neuronal Lac utilization as an alternate substrate while exposed to a high carbohydrate-containing regular chow diet. Although no change in hippocampal Lac content was observed with aging, previous studies revealed enhanced brain Lac uptake related to the adaptive increase in Mct2 concentrations in younger glut3 +/2 mice (8). Thus, the age-dependent compensatory role of increased brain Lac utilization may fuel and maintain the normal ATP concentrations in glut3 +/2 mice.
Neurotransmitters, synaptic activity, and molecular network These metabolic changes were not associated with any perturbations in MRS-measured hippocampal neurotransmitter content. However, an increase in cortical glutamatergic activity was observed in 12-month-old glut3 +/2 male mice, when compensatory nutrient transporter adaptations (Glut1, Mct2) were no longer evident. Early on, at 2 months of age, when a compensatory increase in Glut1 and Mct2 were in play (8), we observed no differences in spontaneous synaptic activity. This suggests that lack of compensatory mechanisms, whether related to the availability of alternate fuels or transporter mechanisms, may be responsible for increased cortical excitability and seizure susceptibility in adult glut3 +/2 mice. A similar alteration is observed in a mouse model of Huntington disease that displays metabolic disturbances, diabetes, and heightened seizure susceptibility (16) . In the present study, at 12 months of age, a substantial increase in spontaneous IPSCs was also observed in glut3 +/2 mice, perhaps reflecting increased excitatory synaptic activity on GABAergic cortical interneurons. Previous investigations demonstrated transient Glu excitation of cultured cerebellar granule neurons resulting in hyperpolarization of the mitochondrial membranes to instigate adenosine monophosphate-activated protein kinase-dependent translocation of Glut3 to the cell surface (32) . Thus, Glut3 plays an important role in preserving neuronal energy metabolism and maintaining tolerance to Glu excitation.
In addition, various molecules responsible for presynaptic to postsynaptic interaction failed to change in glut3 +/2 mice, except for an increase in SAPAP1 and NLGN4 expression. Because our previous investigation revealed autism-like neurobehavior in younger glut3
mice (8), we tested the expression of certain synaptic markers (synaptophysin, MAP2) and genes that are disrupted in human autism (33, 34) . We observed increased hippocampal NLGN4, whereas previously we had detected a decrease in NLGN3 at an earlier age (8) . These changes, if translated into function, would enhance synaptic excitation. Spliced NLGNs interact with presynaptic neurexins, reinforcing dendritic-axonal contacts and thereby maintaining the excitatory (glutamatergic):inhibitory (GABAergic) synaptic neurotransmitter balance, an imbalance resulting in autism spectrum disorders (35) . NLGN3 mediates inhibitory, whereas NLGN4 mediates excitatory synaptic neurotransmission; both of these mutations occur in human autism spectrum disorder (14, 36, 37) . In addition, increased SAPAP1 expression (a scaffold protein that connects SHANK3 to PSD-95, ensuring integrity of postsynaptic dendrites) (38, 39) was seen in glut3 +/2 male mouse cortex. The increased SAPAP1 in glut3 +/2 male mice supports compensation against synaptic glutamatergic excitatory activity. These findings collectively suggest perturbed synaptic integrity, which underscores impaired cognition in the glut3 deficient mouse.
Amyloid accumulation
We then examined brain amyloid accumulation as a hallmark of neuronal compromise, particularly during aging. Glut3 +/2 mice at 6 to 8 months of age expressed EEG seizures with no changes in brain b-amyloid proteins in males and females. Further aging at 24 months revealed an increase in Ab 1-40 protein only in male glut3 +/2 vs WT mice, with no change in Ab 1-42 protein. Amyloid protein accumulation causes neuronal destruction, as seen in human Alzheimer's disease. Although the 1-42 form is noted to be the fibrillary form responsible for neuronal loss, the 1-40 form, not culminating in neuronal loss, is nevertheless toxic, resulting in an inflammatory response leading to learning and memory loss. Thus, Ab 1-40 protein is responsible for early signs of Alzheimer's disease (40) (41) (42) . This neuronal accumulation of Ab 1-40 may subsequently occur after an excitotoxic insult that results from enhanced Glu excitatory activity seen in glut3 +/2 mice. +/2 mice. WT male mice on regular chow (n = 38) or ketogenic diet (n = 7) and male glut3 +/2 mice on regular chow (n = 35) or ketogenic diet (n = 11). Sociability and social novelty: Glut3 +/2 genotype impaired social interaction (c). WT male mice on regular chow (n = 18) spent significantly more time exploring a conspecific than an empty cage in a social choice paradigm. WT-conspecific vs WT-empty cage: ***P , 0.001. Glut3 +/2 male mice on regular chow diet (n = 24), in contrast, spent more time exploring the empty cage than they spent interacting with the conspecific (**P , 0.004). Moreover glut3 +/2 mice spent significantly less time exploring the conspecific than WT controls (***P , 0.001), and therefore lacked normal levels of social exploration. A ketogenic diet significantly increased time spent interacting with the conspecific (*P , 0.05) and decreased the time exploring the empty cage (**P , 0.01), thus improving sociability in glut3 +/2 but not in WT male mice. In contrast, a ketogenic diet worsened the sociability in WT male mice (*P , 0.05 and **P , 0.01 respectively). n = 11 for WT on a ketogenic diet and n = 13 for glut3 +/2 mice on a ketogenic diet. Glut3 +/2 mice failed to show preference for the novel mouse in a social recognition task (d). WT: n = 18, ***P , 0.001; glut3 +/2 : n = 24, P = 0.106; time spent exploring unfamiliar mouse, WT vs glut3 +/2 : ***P , 0.001. A ketogenic diet significantly increased the time spent exploring the novel mouse, and therefore improved social novelty compared with familiar mouse in glut3 +/2 male mice (**P , 0.01). In contrast, a ketogenic diet significantly worsened social novelty in WT male mice (**P , 0.01). n = 11 for WT and n = 13 for glut3 +/2 mice both on a ketogenic diet. Morris water maze test examining spatial learning and memory: ketogenic diet increased spatial learning by enhancing number of target crossings (e), reducing proximity (f), and increasing time spent in the target quadrant (g) by WT male mice but not by glut3 +/2 male mice. WT mice on regular chow (n = 13) or ketogenic diet (n = 7) and glut3 +/2 mice on regular chow (n = 15) or ketogenic diet (n = 10), *P , 0.05 vs values in the target (T) quadrant in WT mice on regular chow diet. *P , 0.05, **P , 0.01, ***P , 0.001. L, left quadrant; O, opposite quadrant; R, right quadrant.
Ketogenic dietary intervention, seizures, and neurobehaviors
G1DS patients are currently treated with a ketogenic diet for controlling seizures in infancy and preventing developmental delays (43, 44) . Adult G1DS patients adapt and overcome their disabilities when placed in time on a ketogenic diet during infancy and childhood, before the establishment of neurologic injury (19, 20) . Unlike G1DS, in which gait and motor function are also affected, Glut3-deficient mice display disruption in vocalization, stereotypies, and deficiency in social interaction, spatial learning, and memory. These murine phenotypic observations reflect neurodevelopmental delays reported in infants with glut3 gene copy number variations (45, 46) . A dietary intervention would prove highly useful. The ketogenic dietary intervention in our present study was dramatic in ameliorating EEG seizures and improving sociability, but failed to affect perturbed vocalizations, spatial learning, and memory, which are characteristic of glut3 +/2 mice. These results support that ketones in the face of neuroglucopenia and enhanced Lac utilization help fuel neuronal energy requirement, improving only certain clinical features. This also explains the neuroprotection seen at baseline in glut3 +/2 female mice resulting from higher ketone availability.
In contrast, ketogenic diet in WT male mice had a detrimental effect on vocalizations and sociability, while demonstrating enhanced to normal spatial learning and memory. Thus, it appears that ketones in the presence of adequate glucose availability on a normal genotypic background worsen social and communication skills without a negative effect on cognition. These findings support the premise that, under normal conditions, ketones are not the preferred fuel for neuronal energy.
Conclusions
Our investigations in glut3 +/2 mice rests on (1) agedependency of neurologic perturbations related to the presence or absence of compensatory mechanisms involving availability of alternate fuels and other brain glucose and monocarboxylate transporter isoforms; (2) sex-specificity seen as neuroprotection of females resulting from higher circulating and CSF ketone concentrations and/or lower brain Glut3 concentrations; (3) synaptic perturbations suggestive of an imbalance between glutamatergic:GABAergic synaptic molecules, resulting in age-related glutamatergic excitotoxicity; (4) culmination in neuronal b-amyloid 1-40 accumulation with aging only in males; and (5) introduction of a ketogenic diet early in life ameliorating EEG seizures and improving sociability, while not affecting vocalization and cognitive deficits in males. We conclude that the glut3 +/2 genotype with associated metabolic perturbations underlie the ultimate male disadvantaged neurobehavioral phenotype. Given that developmental delays have been associated with glut3 gene variations, we speculate that timely ketogenic intervention in human disorders that carry copy number variations of the glut3 gene may prevent certain but not all features of such neurodevelopmental disorders (45, 47) . mice maintained on regular chow and ketogenic diets, *P , 0.05 vs WT mice on a regular chow. WT mice on regular chow (n = 19) or ketogenic diet (n = 4) and glut3 +/2 mice on regular chow (n = 16) or ketogenic diet (n = 11).
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